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Chapter 1. General introduction 
1.1. Rice as an important crop 
Rice, reported to be cultivated l0,000 years ago in the river valleys of South and 
Southeast Asia, has served as one of the most leading food crops in the world, and 
directly supplies more than half of the daily caloric intake today. Among about 114 
countries producing rice, more than 50 countries have an annual production of 100,000 
tons or more of rice grains. Global daily living needs for rice are increasing year by year 
due to human population growth in the world. It demands producing more rice than they 
do now or reducing lean harvest depending on environmental stresses such as low or 
high temperature, drought, salinity, some pests and diseases, which cause significant 
loss of rice production. Such types of the limitation require development of new rice 
varieties adaptable to stress conditions.  In this connection, many breeding lines and 
genetically engineered rice plants have been produced to solve the major problems in 
rice production (Saito et al. 2010, Ji et al. 2011, Nath et al. 2015, Endo et al. 2016, Liao 
et al. 2016). Low temperature during the reproductive stage in rice frequently occurs in 
some temperate zones in the world such as Japan, Korea, USA and other countries. Due 
to this low temperature effect at the reproductive stage of rice, rice yield is dramatically 
decreased frequently. Although understanding of cold tolerance in rice and other crops 
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has been achieved progressively, decreased productivity caused by the low temperature 
still remains as a problem. 
Since rice is a widely cultivated crop throughout the world, import and export of 
rice are increasing constantly depending on the additional increased use of grains for 
animal feed and bio-fuel production. A small number of countries export rice to a large 
number of countries. For this reason, somehow sudden change in rice production in the 
exporting countries could have impact on the world market and prices directly. By the 
statistic data from FAO (Food and Agriculture Organization of the United Nations), the 
three largest exporting countries of rice are Thailand, Vietnam and India.  
 
1.2. Cold stress at different growth stages of rice  
Optimum temperature for rice growth is relatively high because of its tropical 
origin. Low temperature could affect rice growth at every developmental stage of the rice 
plant. However, grain yield reduction due to cold stress is mostly observed at three stages 
of the development, which are the germination stage (Fujino et al. 2008), the seedling 
stage (Andaya et al. 2006, Koseki et al. 2010) and the booting stage (Mackill et al. 1996, 
Ito et al. 1970). Symptoms of cold induced damages are different by the growth stages. 
Using cold sensitive and tolerant cultivars, many quantitative trait loci (QTLs) related to 
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cold tolerance at these growth stages have been identified to date (Kuroki et al. 2007, Lou 
et al. 2007, Zeng et al. 2009, Suh et al. 2010, Jian et al. 2011).   
Extensive QTLs phenotypic variations have been found under low temperature at 
the germination stage. Three QTLs related to low temperature germinability have been 
mapped on chromosomes 3 and 4 using lines derived from a cross between low 
temperature tolerant ‘Italica Livorno’ and sensitive ‘Hayamasari’ (Fujino et al. 2004). 
The molecular basis of qLTG3-1, one of the three QTLs, has been revealed by map-based 
cloning. One gene encoding DUF family protein, which is expressed in embryos during 
seed germination, has been predicted in qLTG3-1 as a low-temperature germinability 
gene. Transgenic plants of ‘Hayamasari’ with an introduced allele of ‘Italica Livorno’ of 
this gene have shown vigorous low-temperature germinability (Fujino et al. 2008).    
Cold tolerance at the seedling stage is also an important trait affecting stable rice 
production in temperate regions. Symptoms caused by low temperature at the seedling 
stages are reduced chlorophyll content in leaves, a few tillers and low plant height (Zhang 
et al. 2014). Two major QTLs, i.e., qCTS12a and qCTS12b, explaining 41% and 42% of 
the phenotypic variation of cold tolerance at the seedling stage, respectively, have been 
identified on chromosome 12 using 191 recombinant inbred lines (RILs) derived from a 
cross between a cold-tolerant japonica cultivar (M-202) and a cold-sensitive indica 
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cultivar (IR50) (Andaya and Mackill, 2003). In a further study, 1,954 F(5)-F(10) lines 
have been screened to delimit a QTL region to about 55 kb, which contained two 
candidates, i.e., OsGSTZ1 and OsGSTZ2 (Andaya et al. 2006).    
 
1.3. Identified QTLs responsible for cold tolerance at the booting stage in rice 
Reduction of pollen fertility and grain yield in rice frequently occurs due to low 
temperature during the reproductive stage in temperate zones such as the north of Japan, 
Korea and other countries.  The stage most sensitive to low temperature is the period 
of pollen microspore development at the booting stage in rice (Satake and Hayase 1970).  
Several studies on low temperture tolerance at the booting stage have been conducted in 
different branches of biology, such as cytology (Nishiyama 1970), biochemistry 
(Mamun et al. 2005), physiology (Ito 1978), and molecular biology (Oliver et al. 2005).  
However, the mechanism is still unclear.  Previous studies have revealed that 
low-temperature-induced defects are generally related to tapetal cell expansion 
(Nishiyama 1970), accumulation of nonreducing sugar in the anther (Oliver et al. 2005, 
Tian et al. 2015) and carbohydrade metabolism abnormality (Ito 1978). 
Cold tolerance at the booting stage is a quantitative trait controlled by multiple 
genes. Many cold-tolerant varieties have been developed by plant breeding and many 
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quantitative trait loci (QTLs) have been identified in almost every chromosome (Saito et 
al. 1995, Li et al. 1997, Takeuchi et al. 2001, Andaya and Mackill 2003, Dai et al. 2004, 
Kuroki et al. 2007). In a recent study, a cold tolerance QTL at the booting stage of a 
novel cold-tolerant variety derived from ‘Silewah’ has been identified in the middle of 
chromosome 3 (qCTB3-silewah).  Lines having qCTB3-silewah have shown more than 
20 percent increase in seed fertility compared with that of other lines (Mori et al. 2011).  
Association mapping performed using 347 rice accessions have identified 24 possible 
loci for cold tolerance at the booting stage, six of which are located near QTLs 
previously identified by other researchers (Cui et al. 2013). Evaluating cold tolerance of 
23 elite rice cultivars by two screening methods, i.e., cold water irrigation in a field and 
cold air treatment in a greenhouse, and analyzing simple sequence repeat (SSR) markers, 
Suh et al. (2013) have identified three significantly associated markers on chromosomes 
1, 2 and 7 under the cold water irrigation and five markers on chromosomes 8, 9, 10 and 
12 under the cold air treatment. 
 
1.4. Possible mechanisms of cold tolerance at the booting stage in rice 
At the male reproductive development stage, rice is very sensitive to 
environmental stresses such as high and low temperatures, salt stress and osmotic shock, 
resulting in microspore abortion and induced male sterility. Although the mechanism is 
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unclear, there is some evidence that histological abnormalities of the male development 
occur in anthers of cold-treated rice plants. The most common damages by exposure of 
rice plants to low temperature during the booting stage are shortened anthers and 
abnormal cells in the tapetal layer, which is the innermost cell layer of the anther locule, 
with altered sugar content and accumulated reactive oxygen species (ROS; oxidative 
stress) (Nishiyama 1970, Ito 1978, Sato et al. 2011a). Under the normal condition, the 
tapetum develops normally and actively provides microspores with the nutrients and 
enzymes for microspore development in the young microspore stage during or just after 
microspore release from tetrads.  Microspore development and pollen maturation could 
be achieved properly following programmed cell death of the tapetal cells resulting in 
fertile pollen grains. Results of many studies have shown that tapetal cell degradation is 
critical for normal pollen development and inhibited by low temperature. For instance, 
morphological difference of the tapetal cells under low temperature has been identified 
using ‘Hitomebore’ (cold resistance) and ‘Sasanishiki’ (cold sensitive) (Oda et al. 2010). 
The tapetal cells were completely vanished at the mature stage in cold tolerant cultivar 
‘Hitomebore’, while it was clearly intact at the same stage in cold sensitive cultivar 
‘Sasanishiki’.  Such tapetal cell defect under low temperature has been reported in 
many cultivars (Nishiyama 1984, Imin et al. 2006).       
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At the reproductive stage, mainly before anthesis, sucrose and hexoses 
accumulated in anthers and starch content decreases in pollen grains depending on cold 
condition. They cause reduction in activity of acid invertase bound to the cell wall of 
pollen grains, and further pollen sterility occurs (Oliver et al. 2007). Abscisic acid 
(ABA) is involved in several types of abiotic stresses including low temperature.  
Many studies have revealed that ABA may function in regulation of assimilate 
distribution within reproductive organs. For example, Oliver et al. (2007) have revealed 
that ABA accumulation in anthers of cold-stressed rice plants inhibits the tapetal 
apoplastic sugar transport and induces high level of pollen abortion. Baron et al. (2012) 
have examined expression of some genes involved in ABA biosynthesis under heat and 
cold conditions at the reproductive stage in Arabidopsis, and found that the expression 
of these genes was different depending on temperature stresses.  
Shirasawa et al. (2012) have identified a QTL for cold tolerance at the booting 
stage at the end of the long arm of chromosome 3 in cold-tolerant breeding line 
'Ukei840'. 'Ukei840' is a breeding line having high cold tolerance developed by 
backcrossing of ‘Hitomebore’ to a hybrid between Chinese cultivar 
‘Lijiangxintuanheigu’, which is the most cold-tolerant landrace of Yunnan province in 
China, and ‘Hitomebore’. Producing near isogenic lines (NILs) having alleles of 
‘Lijiangxintuanheigu’ at this QTL region, the QTL was delimited to about 1.2 Mb 
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between RM3719 and RM7000 markers. Comparison of nucleotide sequences of the 
QTL region with the published ‘Nipponbare’ genome sequence revealed five possible 
candidates for a cold tolerance gene of ‘Lijiangxintuanheigu’, i.e., Os03g0789800, 
Os03g0790700, Os03g0793700, Os03g0800500 and Os03g0806700 (Shirasawa et al. 
2012). 
In this study, I developed RNAi transgenic plants of the Os03g0790700, 
Os03g0793700, Os03g0800500, and Os03g0806700 genes using ‘Nipponbare’. 
Additionally, to demonstrate that the amino acid substitution determined in the 
Os03g0806700 protein is related to cold tolerance at the booting stage, I selected a 
mutant line having Tos17 insertion in the Os03g0806700 gene with a ‘Nipponbare’ 
genetic background in the Rice Tos17 Insertion Mutant Database 
(https://tos.nias.affrc.go.jp/) and produced transgenic plants of the Tos17 insertion line 
with both ‘Hitomebore’ and ‘Lijiangxintuanheigu’ alleles of Os03g0806700 for testing 
cold tolerance. QTL for cold tolerance at the booting stage was narrowed to a region of 






Chapter 2.  Rice transformation with candidate genes in the QTL region  
2.1. Introduction 
Molecular biological studies on responses to abiotic stresses in rice have been 
performed widely and a number of stress tolerance genes have been identified (Oliver 
et al. 2005, Woo et al. 2008, Saito et al. 2010, Zhang et al. 2013). The functions of 
such genes have been confirmed by plant transformation methods, which have become 
one of the most important tools in the modern molecular breeding of the crops. There 
are some efficient methods to generate transgenic individuals, such as electroporation, 
microinjection, and particle bombardment. However, Agrobacterium-mediated 
transformation is still the mainly used method in rice (Zhang et al. 1997, Nishimura et 
al. 2007, Hiei and Komari 2008, Sahoo et al. 2011). When mutations responsible for 
certain phenotypes are identified, it is required to confirm the hypothesis of the gene 
function by some methods such as gene silencing or complementation.   
A generally performed experiment to elucidate the role of an identified 
candidate gene is complementation of the phenotype lost by a mutant plant with a 
sense construction of a wild type gene. Such transformation experiments have been 
used in rice for validation of contribution of candidate genes in agronomically 
important traits (Woo et al. 2008, Tang et al. 2009, Chen et al. 2011, Sato et al. 2011a,  
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Shaya et al. 2012, Wang et al. 2013, Zhang et al. 2013).  Another way for 
confirmation of the function of a candidate gene is RNA interference-mediated (RNAi) 
gene silencing, which is used for knocking down the expression of the intended gene. 
Double-stranded RNA (dsRNA) molecules are cleaved into small fragments of about 
21 bp by ‘dicer’ enzyme, which is dsRNA-specific endonuclease, and the target 
mRNA molecules having the same nucleotide sequence is destroyed. Such 
transgene-induced RNAi has been frequently used in model plants, such as 
Arabidopsis and rice (Miki and Shimamoto 2004, Woo et al. 2008, Wang et al. 2013). 
Comparison of the nucleotide sequence obtained in the previous study 
(Shirasawa et al. 2012) with published ‘Nipponbare’ genome sequence identified 254 
SNPs within the delimited region between RM7000 and RM3713. Out of the 
identified SNPs, 223 were outside of the assigned gene regions. Among the other 31 
SNPs, seven were detected in six genes (Os03g0789800, Os03g0790700, 
Os03g0793700, Os03g0800500, Os03g0806700 and LOC-Os03g59190) and caused 
amino acid changes in encoded proteins, which could be responsible for cold tolerance 
at the booting stage in rice. Annotation of these six genes in the Rice database 
indicated that Os03g0789800, Os03g0790700, Os03g0793700, Os03g0800500, 
Os03g0806700 and LOC-Os03g59190 encode hypothetical protein, similar to 
aldehyde oxidase-2, Cupin 1 domain containing protein, putative small multi-drug 
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export family protein, unknown function DUF868 proteins and gag-pol-related 
retrotransposon protein, respectively (Table 1). Based on the gene annotation and 
organ specific expression (RiceXPro, Sato et al. 2011b), two of them, i.e., 
Os03g0790700 and Os03g0806700, were considered to be related with cold tolerance 
at the booting stage. Therefore, I produced RNAi transgenic plants for these genes 
first. 
 
2.2. Material and Methods 
2.2.1. Plant materials 
A wild-type rice (Oryza sativa) cv. ‘Nipponbare’ and six mutants of 
‘Nipponbare’ having Tos17-inserted Os03g0806700 and Os03g0790700 genes were 
used in this study. 
 
2.2.2. Rice plant transformation 
RNAi constructs of candidate genes  
The RNAi construct to silence the candidates for the cold-tolerance gene 
(Os03g0790700, Os03g0806700, Os03g0800500 and Os03g0793700) were produced 
as follows. About 300 bp fragments from 3' UTR or 5' UTR were selected and  
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Table 1. Missense variations caused by SNPs between ‘Ukei 840’ and ‘Hitomebore’ 
Gene name  Amino acid Annotation by RAP-DB 
Nipponbare Hitomebore Ukei 840 
Os03g0789800 Ser Ser Asn Hypothetical protein 
Os03g0790700 Arg Arg Lys Similar to aldehyde oxidase-2 
Ile Ile Asn 
Os03g0793700 Leu Leu Phe Cupin 1 domain containing 
protein Glu Glu Gly 
Os03g0800500 Ile Ile Val Putative small multi-drug export 
family protein 
Os03g0806700 Leu Leu Ser Protein of unknown function 
DUF868, plant family protein 
LOC-Os03g59190 Val Val Met Gag-Pol-related retrotransposon 
protein 










amplified by PCR using KOD FX enzyme with primers listed in Table 2. A “CACC” 
sequence was added to the 5’ end of the forward primer for providing the right 
direction of the PCR product. The PCR products were subcloned into TOPO pENTER 
vector (pENTR/D-TOPO) (Invitrogen), and introduced into Escherichia coli following 
the manufacturer manual. The insertions were cloned with the pANDA vector (Fig. 1) 
(Miki and Shimamoto 2004) using the LR clonase enzyme mix (Invitrogen).  The 
construct was introduced into Agrobacterium tumefaciens strain EHA101 and used for 
infecting rice calli. 
 
PCR screening for Tos17 insertion lines in Os03g0806700 and Os03g0790700 genes 
Mutant lines having insertions of retrotransposon Tos17 in Os03g0806700 
and Os03g0790700 genes were obtained from the Rice Genome Research Center (Fig. 
2, 3). To screen mutated plants, DNA fragments which have inserted Tos17 were 
amplified by PCR using a retrotransposon specific primer and a primer unique to each 
gene (Table 3). Selected Tos17 insertion lines were grown to obtain seeds.   
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Table 2. Primer sequences used for construction of vectors for target gene silencing and 
complementation  





 Type of the 
analysis 
Gene name Primer sequence  
RNAi silencing Os03g0790700 F: CACCTCCTTTGAGCACTGAAATCG 
R: CAAAGCTACGCCAAAGAACC 
Os03g0793700 F: CACCAGCTGTGTGATCGAGAGGAA 
R: ATATAGCACTCCGTACTTGGGTTC 
Os03g0800500 F: CACCGAACATGGTGCCTGTGCCATT 
R: CCAACAGTCCTGCTAAGACAACG 
Os03g0806700 F: CACCATGGTTTGCCCGTGGAGGT 
R: TTGGAGAGCCTCCATAACATTTCC 
Gus linker F: CATGAAGATGCGGACTTACG 
R: ATCCACGCCGTATTCGG 
 












Table 3. Primer sequences used for genotyping of Tos17 insertion lines 
Target gene Line name Insertion start 
position 
Primer sequence 
Os03g0790700 NE0039 32871897 F: ATCGAGGTACATTCGAACCG 




32872366 F: GCTAAGGCCGTCTGTGTCTC  
32872366 R: GGTGAGTTCAACCAAGCCAT 
  
NC2573 32873157 F: TTCATCTCCTAGCATTGGGG  




33713124 F: GAAGGATGCATACCGGAAGA 
33713124 R: GAAACATGAACACCGCATTG 
 
Tos17-tail6        F: AGGTTGCAAGTTAGTTAAGA        
















Fig. 2. Structure of the Os03g0806700 gene in Tos17 insertion lines. Black boxes 














Fig. 3. Positions of the Tos17 insertion in Tos17 insertion lines of the Os03g0790700 
gene. Black boxes indicate exons and triangles indicate insertion sites. Arrows indicate 





Sense construction for complementation of the function of Os03g0806700 in a Tos17 
insertion line 
For complementation analysis, total RNA was extracted by SV Total RNA 
Isolation System (Promega, USA) from leaves of ‘Hitomebore’ and ‘Ukei840’. First 
strand cDNA was synthesized using First Strand cDNA Synthesis kit (GE healthcare, 
USA). Primers were designed using the published ‘Nipponbare’ genomic DNA 
sequence. Primer pair for amplification of the Os03g0806700 gene contained KpnI and 
SacI restriction sites at the 5' ends. Amplified fragments from ‘Hitomebore’ and 
‘Ukei840’ cDNAs were subcloned into the pGEMTY TA cloning vector (Promega). 
Nucleotide sequence of the whole gene was confirmed by sequencing.   Plasmid 
DNA was digested by KpnI and SacI and the cDNA sequence was introduced into the 
KpnI site and the SacI site following the Ubiq promoter of the pBI101 vector (Fig. 4) 
by T4 DNA ligase (Promega). The construct was introduced to Agrobacterium 
tumefaciens strain EHA101 and used for transformation of rice calli.  
 
Callus induction 
‘Nipponbare’ seeds were dehusked with a rice seed husker, washed by DDW 





















hypochlorite for 30 minutes with gentle shaking. Sterilized seeds were washed in 
distilled water 5 times and blotted dry on aseptic paper towel. Seeds were plated on 
N6CI medium (Supplementary table 1) and kept in a growth chamber controlled at 
30
o
C, 16 h light/8 h dark for 2 weeks.  
 
Agrobacterium tumefaciens inoculation 
Three days before the transformation, Agrobacterium clones with the vectors 
containing prepared cassettes were cultured in AB medium (Supplementary table 2)  
supplemented with 50 mg/L hygromicin and 50 mg/L kanamycin at 28
o
C under dark 
condition. Agrobacterium colonies were collected and gently suspended in liquid 
N6CO medium containing 20 mg/L acetosyringone on a shaker. Optical density at 600 
nm was adjusted to 0.05-0.1. 
Small calli induced from seed scuttelums were excised from endosperms and 
immersed in Agrobacterium suspension for 30 min with gentle shaking at dark 
condition. After blotting the calli with dry sterilized paper towel, they were 
transferred to a petri dish with two sheets of filter paper on 5.5 ml N6CO agar medium 
containing 20 mg/L acetosyringone and incubated at 25
o




Selection of the infected calli 
After co-cultivation for three days, the calli were collected in sterilized DDW and 
repeatedly washed until rinse water gets clear. Finally, the calli were rinsed again with 
sterilized DDW containing 250 mg/l carbenicillin to kill Agrobacterium cells. The 
washed calli were transferred to N6SE medium (Supplementary table 1) containing 50 
mg/ml hygromycin, 50 mg/ml kanamycin and 250 mg/l carbenicillin, and incubated at 
29.5
o
C for two weeks. 
 
Regeneration step 
Following the selection step, the calli were transferred to MSRE medium 
(Supplementary table 3) with 50 mg/mL hygromycin and 50 mg/mL kanamycin. 
Subculture was done every two weeks. Regenerated shoots were transferred to 
hormone-free MS medium for root induction. Plantlets were grown in an isolated 
green house.  
 
2.2.3. PCR screening and Southern blot analysis 
Genomic DNA was extracted from young leaves of the regenerated plants by 
the method of Edwards et al. (1991). PCR was executed by a combination of a 
gene-specific primer and a GUS-linker specific primer in RNAi plants and primers for 
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amplification of the hygromycin resistance gene in transgenic plants for 
complementation analysis, respectively (Table 2). Ten successfully regenerated plants 
for each construct were selected and used for Southern blot analysis.  Total 2 µg of 
genomic DNA digested with KpnI at 37
o
C for 16 hours were electrophoresed on a 1 % 
agarose gel at 50V. The electrophoresed DNA was transferred to nylon membrane. 
The membrane was hybridized at 65
o
C with digoxigenin-labeled probes (Roche, 
Indianapolis, IN, USA).  The GUS linker with the 3’ untranslated region of the gene 
was used as a probe in RNAi transgenic plants and NPT II was used as a probe in 
transgenic plants for complementation. 
After overnight hybridization at 65°C, the blots were washed twice at 65°C with 
1xSSC/0.1% SDS solution for 20 min. The filters were kept in blocking buffer (1% 
blocking reagent (Roche, Germany) in TBS solution) for 30 minutes after rinsing by 
TBS solution. A solution with anti-dig-alkaline phosphatase conjugate was used for 
detection of the digoxigenin-labeled probes. Total DNA of non-transgenic plants was 
taken as a negative control. Chemiluminescent signal after incubation with CSPD 





2.2.4. Real-time quantitative reverse transcription PCR (qRT-PCR) analysis 
Gene-specific primers (Table 4) for qRT-PCR analysis were designed using 
Primer 3 online software (http://bioinfo.ut.ee/primer3-0.4.0/) by the modified 
parameters explained by Thornton and Basu (2011). Rice actin gene was taken as a 
control for this analysis (Table 4).  Total RNA was isolated from leaves of 
‘Nipponbare’ and transgenic plants by SV Total RNA Isolation System and treated by 
DNase I. Total 500 ng of RNA was used for the first strand cDNA synthesis by iScript 
advanced cDNA Synthesis kit for qRT-PCR.  
Real-time PCR was executed in CFX Connect
TM
 Real-Time PCR Detection 
System (Bio-Rad, Hercules, CA).  The reaction mixture (10 µL) consisted of 5 µL of 
SsoAdvanced
TM
 SYBR Green Supermix (Bio-Rad), 1 µL of 10-fold diluted 
first-strand cDNA and 5 pmol of primers.  Forty cycles of PCR were performed at 
95
o
C for 1 sec and 60
o
C for 30 sec, following initial denaturation at 95
o
C for 3 min.  







C increments with dwell time of 2 s while monitoring the fluorescent 
signal at each stage.  An average expression level was calculated using data of three 
repetitions.  The 2
-∆∆CT
 method was used for calculating the relative expression level 
of each gene with normalization to the reference gene (Livak and Schmittgen 2001). 
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Table 4. Primer sequences used for qRT-PCR analysis of transgenic lines 
Gene name Primer sequence 
Os03g0806700 F: AATTCTTGGAAATGTTATGGAGGC 
 R: AAACTATTGAGAGCATTAGGAGCAA 
Os03g0790700 F: CGTCCTCTCCTCCAAAGGTGAAA 
 R: GCTGCCACGATGGATCACAAA 
Actin F: GGACCCAAGAATGCTAAGCCAAG 
 R: GGCCGGTTGAAAACTTTGTCC 














2.2.5. Cold-tolerance test of the RNAi lines 
Cold tolerances at the booting stage of the RNAi lines and parental lines were 
evaluated by the cold-deep-water irrigation method (Matsunga 2005).  Each line was 
grown in a pot and kept in a big bucket of 70 cm depth in 2013 or a big plastic box of 
160 cm ×110 cm ×55 cm in 2014, which was assembled with a water cooling machine 
(ORION RKS-400S-D, Japan) for cold tolerance evaluation in an isolated green house 
in the Graduate School of Agricultural Science, Tohoku University.  Plants were treated 
by cold deep water of 20-25 cm for two months from the panicle initiation stage to 
complete heading in 2013 and 2014. Water temperature was controlled at 18.5˚C and 
19˚C in 2013 and 2014, respectively. The same lines were grown in a bucket or box 
without cold water treatment as a control.     
  
2.3. Result  
2.3.1. Silencing of candidates for the gene of the cold tolerance at the booting stage  
To elucidate the role of the two selected candidates for the cold tolerance gene, 
i.e., Os03g0790700 and Os03g0806700, the expression of them was suppressed by 
producing RNAi transgenic plants. As initial screening of transformed lines, PCR 
amplification was performed with the pair of the gene specific primer and the GUS 
 27 
linker primer (Table 2) using 16 independent regenerated transgenic plantlets. Ten 
regenerated plantlets of transformation by the Os03g0806700 RNAi construct were 
selected by PCR, and transformation was confirmed by Southern blot analysis. Among 
eight generated lines, one to three copies of the Os03g0806700 gene were detected in 
five lines (Fig. 5A). In RNAi transgenic plants of the Os03g0790700 gene, three lines 
did not show insertion, whereas the other five lines showed insertion of two copies of 
the gene (Fig. 5B).  
Cold-tolerance test using a near isogenic line performed in 2013 (Chapter 3) 
indicated QTL for cold tolerance at the booting stage can be delimited between 
NLSNP3-12 and RM7000 markers, which excluded the previously predicted 
Os03g0790700 gene from a candidate region. Furthermore, there are three candidate 
genes, i.e., Os03g0793700, Os03g0800500 and Os03g0806700, in a newly delimited 
region. Therefore, RNAi transgenic lines of two more genes, i.e., Os03g0793700 and 
Os03g0800500, were produced using the same method, and transgenic plantlets were 
screened by the same way. For these candidate genes, 13 plantlets were analyzed by 
Southern blot analysis. Each individual contained one to several copies of the 










Fig. 5. Southern blot analysis of Os03g0806700 (A) and Os03g0790700 (B) genes in 
RNAi transgenic plants. S1, S2, S3, S4 S5, S6, S7 and S8 are transgenic lines. NB 
indicates ‘Nipponbare’ (control). λ/Hind III marker was taken as size markers. The 











Fig. 6. Southern blot analysis of Os03g0793700 (A) and Os03g0800500 (B) genes in 
RNAi transgenic plants. S1 to S13 are independent transgenic lines. NB indicates 
‘Nipponbare’ (control). λ/Hind III marker was taken as size markers. The GUS linker 







2.3.2. PCR screening for mutations of Os03g0806700 and Os03g0790700 genes 
 Among the six candidates for the gene responsible for cold tolerance at  
booting stage, Os03g0806700 and Os03g0790700 had Tos17 insertion in two and six 
lines, respectively (https://tos.nias.affrc.go.jp/). Obtained lines with Tos17 insertion in 
the Os03g0806700 gene were ND4006 (AG024226) and ND4015 (AG206072). In these 
lines, Tos17 was inserted at 33713124 position of chromosome 3 (Fig. 2 and Table 3). 
Four independent Tos17 lines of the Os03g0790700 gene were NE0039 (AG207914), 
NF6820 (AG212033), NF6821 (FT914927) and NC2573 (AG025152). All of the 
insertions in these lines have occurred in exons of the gene at 32871897, 32872366, 
32872366 and 32873157 positions, respectively (Fig. 3 and Table 3). As described in the 
web page (https://tos.nias.affrc.go.jp), the left, right and Tos17 tail primers (last 26 bp of 
Tos17 3'-end) were used for PCR genotyping of the Tos17 insertion plants (Table 3)  
with a control of ‘Nipponbare’, confirming the Tos17 insertion at the reported positions. 
As indicated in Fig. 7, the PCR gave no bands in line ND4006. Individuals showing a 
single band were wild-type and those with no band were homozygous insertion of Tos17 










Fig. 7. Genotyping of Tos17 insertion lines in Os03g0790700 and Os03g0806700 genes. 
M: Marker, N: Nipponbare (Control). Amplified bands indicate wild-type (13. 14. 15) 











2.3.3. Complementation of a Tos17 insertion line of the Os03g0806700 gene with the 
‘Lijiangxintuanheigu’ and ‘Hitomebore’ allelle 
Since repeated cold-tolerance tests using newly produced recombinant lines 
(Chapter 3) suggested that the Os03g0806700 gene is a probable candidate for the cold 
tolerance gene based on the SNP in the coding region, which causes amino acid 
substitution that may affect protein function, a Tos17 insertion line in Os03g0806700 
was complemented with cDNA of Os03g0806700 alleles of ‘Lijiangxintuanheigu’ and 
‘Hitomebore’ by the Agrobacterium tumefaciens-mediated transformation method. PCR 
screening of the complemented plantlets by the ‘Lijiangxintuanheigu’ allele of 
Os03g0806700 was performed in 16 randomly selected individuals by the primer pair 
for the hygromycin resistance gene. Thirteen plants were selected and insertion of the 
transgene was confirmed by Southern blot analysis. Each individual contained one to 
three copies of the transgenes (Fig. 8).  Morphological phenotypes of regenerated RNAi  
and complemented plants that were transformed with these genes were not significantly 
different from those of non-transformed plants. 
 
2.3.4. Real-time PCR (qRT-PCR) analysis 
 Expression analysis of the target genes was performed using RNAi transgenic 









Fig. 8. Southern blot analysis of the Os03g0806700 gene introduced into Tos17 
insertion line. S1 to S13 are independent transgenic lines. NB indicates ‘Nipponbare’ 







expression of the RNAi transgenic plants is knocked-down, mRNAs of the target genes 
were detected by real-time quantitative reverse transcription-PCR (qRT-PCR) and 
compared with those in the ‘Nipponbare’ control plant. The rice actin gene was 
used as the endogenous control to normalize the relative transcription levels in the 
reactions.  All the six independent T1 transgenic individuals for the Os03g0806700 
gene were used for qRT-PCR analysis. The results showed more than 80% 
down-regulation of the target gene Os03g0806700 in RNAi transgenic lines S2, S3, S5, 
S7 and S8 compared with ‘Nipponbare’. No difference was observed in the expression 
of the Os03g0806700 gene between S1 and ‘Nipponbare’ (Fig. 9).  
In Os03g0790700 RNAi transgenic lines, expression analysis was performed 
using five independent T1 plants, transgenes of which were confirmed by Southern 
blot analysis.  Expression was down-regulated at more than 80% in all the lines (Fig. 
10).  
 
2.3.5. Cold-tolerance examination of the RNAi lines 
Cold-tolerance examination was attempted twice in 2013 and 2014. Five 
independent RNAi transgenic plants for each gene and two control ‘Nipponbare’ 
plants were grown in pots (three plants per pot) and used for cold-tolerance evaluation 
test in 2013. After plants were kept for 2 months in cold water, seed fertility of them 
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was too low to evaluate cold tolerance of the RNAi transgenic plants. Furthermore, 
even plants kept at the normal condition showed low seed fertility. It may be due to 
small size of the bucket with too many plants. In 2014, big plastic boxes were used 
instead of the buckets and a plant was grown one by one in a pot. Additionally, 
temperature of cold water was increased to 19
o
C. Ten independent plants for the 
Os03g0806700 RNAi transgenic plants with five ‘Nipponbare’ plants were grown 
under normal and cold-water-treated conditions in an isolated green house. 
Unfortunately, green house became hot by breakdown of the cooling system and 
cold-tolerance test was unsuccessful. 
 
2.4. Discussion 
Confirmation of the gene function by plant transformation is one of the most 
important tasks for elucidation of the function of a gene.  In the previous study 
(Shirasawa et al. 2012), six possible candidate genes (Table 1) have been revealed 
within the delimited QTL region. RNAi transgenic lines for suppressing the expression 
of these genes were produced in four of them except for Os03g0789800 because of 
exclusion of this gene from the QTL region by SNP analysis. Transgenic plants for 
complementation were produced using Tos17 insertion line of Os03g0806700 









Fig. 9. Expression of Os03g0806700 in RNAi transgenic plants. NB indicates 















Fig. 10. Expression of Os03g0790700 in RNAi transgenic plants. NB indicates 







of Os03g0806700 for testing cold tolerance. Gene expression analysis was executed 
using RNAi transgenic lines of the Os03g0806700 and Os03g0790700 genes. 
Expression was dramatically reduced in each independent line for these genes, 
except one line of Os03g0806700. Morphological phenotype of the produced RNAi 
transgenic lines was not significantly different from that of ‘Nipponbare’.  
Few possible genes related to cold tolerance at the booting stage in rice have 
been identified and evaluated by plant transformation.  Ji et al. (2011) have generated 
transgenic rice lines expressing a wheat TaABA8 OH1 gene under control of a tapetum 
specific promoter.  These lines have shown improved cold tolerance due to a reduced 
level of ABA in anthers and stabilized OsINV4 activity under cold conditions.  Two 
closely linked QTLs for cold tolerance named ctb1 and ctb2 on chromosome 4 have 
been detected (Saito et al. 2001), and a gene responsible for cold tolerance in ctb1 has 
been identified as an F-box protein gene by map-based cloning.  Transgenic plants 
with this F-box protein gene have been reported to have enhanced cold tolerance at the 
booting stage, although nucleotide sequences and gene expression have not been found 





Chapter 3. Selection of fine recombinants for identification of the gene responsible 
for cold tolerance at the booting stage in rice 
3.1. Introduction 
Shirasawa et al. (2012) have identified a QTL, qLTB3, for cold tolerance at the 
booting stage within about 1.2 Mb between RM3719 and RM7000 markers at the end of 
the long arm of chromosome 3.  Comparison of nucleotide sequences of the QTL 
region with the published ‘Nipponbare’ genome sequence revealed six possible 
candidate genes (Table 1). In the present study, recombinants having recombination 
breakpoints in a region between the two ends of the QTL region were selected from 
progeny of an ‘HCL3-hetero’ (Hitomebore Chromosome segment substitution line with 
qLTB3-hetero) plant using SSR and single nucleotide polymorphism (SNP) markers and 
cold tolerance of the selected recombinants were evaluated for identification of a 
candidate for the cold tolerance gene of 'Lijiangxintuanheigu'.  
 
3.2. Materials and Methods 
3.2.1. Plant materials and DNA isolation 
‘Hitomebore’, ‘Ukei840’, ‘Lijianxintuanheigu’ and repeated backcross 
progeny including ‘HCL3’ were used as plant materials. Cold tolerance of ‘Hitomebore’ 
is ranked “very high” among Japanese rice cultivars (Sasaki et al. 1994).  ‘Kasalath’ 
 40 
and ‘Basmati’ as Indica cultivars and four Oryza rufipogon lines were used for 
nucleotide sequence analysis of the SNP positions.  Genomic DNAs of ‘Ukei840’ and 
‘Hitomebore’ were extracted from leaves by the cetyltrimethylammonium bromide 
(CTAB) method (Murray and Thompson 1980) and those of the backcross progeny 
were extracted from leaves by the method of Edwards et al. (1991).  
 
3.2.2. DNA marker analysis for selection of recombinants 
Recombinant plants were selected by analysis of SSR markers and 
dot-blot-SNP markers (Shirasawa et al. 2006 ) using a large population of backcross 
progeny.  SSR marker analysis was performed with two primer sets of RM7000 
(Forward primer: CCCTTCTTTTCAACTGAATA, Reverse primer: 
TTGTAACAATGAACTCGTTC) and RM3719 (Forward primer: 
GTAGGTCAACTTACACGCAGTG, Reverse primer: 
GTACATACGACCAACGCTGC).  PCR products were separated by electrophoresis 
in 2% agarose gel and stained with ethidium bromide.  Dot-blot-SNP analysis was 
performed according to Shiokai et al. (2010) and plants were genotyped by qLTB3-1 
and qLTB3-7 markers using primer pairs and probes listed in Table 5.  The 
recombination breakpoints in selected recombinant plants were identified by an 
allele-specific hybridization method using streptavidin-coated magnetic bead 
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hybridization (Tonosaki et al. 2012) with six single nucleotide polymorphism (SNP) 
markers (Table 5) within the QTL region.  The same markers were also used for 
selection of homozygous recombinant plants. 
 
3.2.3. Evaluation of cold tolerance at the booting stage 
Cold tolerances at the booting stage of the backcross progeny and parental lines 
were evaluated by the cold-deep-water irrigation method (Matsunaga 2005).  Each line 
was grown in a paddy field equipped for cold tolerance evaluation at NARO Tohoku 
Agricultural Research Center, Daisen, Akita, Japan and treated by cold water for two 
months from the panicle initiation stage to complete heading in 2013, 2014 and 2015.  
Water temperature was controlled at 18.8˚C in 2013, 18.5˚C in 2014 and 18.8˚C in 2015 
with water depth of 20-25 cm.  Cold tolerance was evaluated by scoring seed fertility, 
i.e., percentage of fertile seeds in a panicle, of plants grown with the cold water.  Seed 
fertility was scored with five panicles per plant in 2013 using five plants, with two 
panicles per plant in 2014 using five plants, and with one panicle per plant using ten 
plants in 2015 with two replicates in every year. Seed fertility differences between the 
tested lines were analyzed by Tukey’s test at the 1% level of significance after arcsine 
transformation of the seed fertility values.  
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Table 5. Sequences of primers and probes of SNP markers and hybridization conditions 






   Temperature  SSC Temperature SSC 
qLTB3-1 F: CTACACCAGGACCCACTCATGC HM: CAAGGGCGCTGCTGCCG 65˚C 5 × 60˚C 1 × 
 R: GGCTTCTTTCGTCGCCTTTCTT LTH:  CAAGGGCGTTGCTGCCG 65˚C 5 × 55˚C 1 × 
qLTB3-2 F: CGAAGATGGTGACGAGGCTGTA HM: GGTTCTTCCTCCTGATG - - 60˚C 1 × 
 R: CCTTCGACATCAAGCTCTGCAA LTH: GGTTCTTCTTCCTGATG - - 45˚C 5 × 
NLSNP3-12 F: CCACTATAAGGGTCGTTTGGGAGA HM: AATAAATTATTTTATTC - - 50˚C 5 × 
 R: GCAAGCAACCATATGGGCAGA  LTH: AATAAATTCTTTTATTC - - 50˚C 5 × 
qLTB3-4 F: GCTCATCTCCCTGTGCTTCCTC HM: TACCACTTAGGGGAGGA - - 55˚C 5 × 
 R:  AACCTCTCCAGCACGCTGAACC LTH: TACCACTTCGGGGAGGA - - 60˚C 1 × 
C11223 F: ATTGTACCCTGACGATCGAA HM: CGCTTGACAGTGAATGG - - 50˚C 5 × 
 R: CTGTCTTTCCAGACAGAAGAACC LTH: CGCTTGACGGTGAATGG - - 50˚C 5 × 
qLTB3-7 F: GTGAAGCGTCTGGCTTGGAAAT HM: GTTTGGATTGACGACAA 50˚C 5 × 60˚C 1 × 
  R: CGAGAAACCAAGACCCTGCAAC LTH: GTTTGGATCGACGACAA 45˚C 5 × 50˚C 1 × 




3.2.4. Morphological investigation  
Anther lengths at the anthesis stage were measured in ‘Hitomebore’, ‘Ukei840’ 
and ‘543-30’ grown under normal and cold-water-treatment (18.5ºC) conditions in a 
green house.  Each sample consisted of three panicles.  Five spikelets were extracted 
from the medium section of each panicle and three anthers were selected for 
measurement.  
For releasing pollen grains, anthers were fixed by 70 % ethanol and macerated in 
a tube with a stainless steel ball by shaking at a speed of 20/s for 1 min, the contents 
then being filtered through a 50 µm CellTricks filter (Partec, Germany).  The 
suspension was centrifuged at 1300 rpm for 3 min and spore pellets were suspended in 
50 µL deionized distilled water (DDW).  One microliter of prepared suspension was 
stained with one drop of iodine/potassium iodine (I2/KI) solution.  
Plants grown in the paddy field for the cold-water-irrigation method were used for 
observation and measurement of flowering time, culm length, young culm length and 
young panicle length.  
 
3.2.5. Delimitation of the QTL region by nucleotide sequencing of the recombinant lines 
For nucleotide sequencing of the delimited region of the cold tolerance QTL, 
DNA was amplified by polymerase chain reaction (PCR) using 20 ng of plant genomic 
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DNA, 0.2 µM of forward and reverse primers, 2.5 mM of dNTP, 1 µL 10 × buffer, and 
1.25 units DNA polymerase (ExTaq: Takara, Japan) in 10 µL reaction mixture.  The 
PCR condition was 1 min denaturation at 94˚C; 35 cycles of 30 sec denaturation at 94˚C, 
30 sec annealing at 58˚C and 90 sec extension at 72˚C; and a 2 min final extension at 
72˚C.  PCR products were purified by Ultra-Clean 15 DNA purification kit (MO BIO, 
USA) after separation by agarose gel electrophoresis.  Nucleotide sequencing was 
conducted following the Beckman Coulter protocol. 
 
3.2.6. Gene expression analysis  
The gene-specific primers (Table 6) for qRT-PCR analysis were designed 
using Primer 3 online software by the modified parameters explained by Thornton and 
Basu (2011). The rice actin gene was used as a control for this analysis (Table 6).  
Total RNA was isolated by SV Total RNA Isolation System from spikelets of young 
panicles at the booting stage of ‘Hitomebore’ and ‘Ukei840’ which were grown in the 
cold-deep-water controlled at 18.5˚C and the normal growing condition in a green 
house and treated by DNase I. A total 500 ng of RNA was used for the first strand 
cDNA synthesis by iScript advanced cDNA Synthesis kit for RT-qPCR. Real-time 
PCR was executed as described in Chapter 2. 
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Table 6. Sequences of the primers for qRT-PCR analysis of candidate genes 
 
Gene name  Forward primer sequence (5'-3')  Reverse primer sequence (5'-3')  
Os03g0806700  GCCTTTGATTTCGTATCCATTTGTTC  ATTATCCAGAGTTCCACAATTCACA  
Os03g0806800  ATGCCTTTCTTGTGTGTATTGATGT  AACTCAACCTCACTCGCATTCAC  
Os03g0806900  GTTTGCCATTACCCATTAGCCATTT  GCTCCCAGTTCTTCACGCTC  
Os03g0807000  GCCTTTGATTTCGTATCCATTTGTTC  ATTATCCAGAGTTCCACAATTCACA  
Os03g0807100  TGAACTGAACACCCTGAGCAA  CAGAGAGAGATTAGAAAGCAACACC  





3.3.1. DNA polymorphism analysis and delimitation of the QTL region 
In the previous study by Shirasawa et al. (2012), ‘HCL3-3’ (having 
‘Lijiangxintuanheigu’ alleles in a chromosome segment between RM6970 and RM7000) 
and ‘HCL3-6’ (having ‘Lijiangxintuanheigu’ alleles in a chromosome segment between 
RM6970 and RM7389) showed significantly higher seed fertility than that of 
‘Hitomebore’ (Fig. 11A). A total of 1,440 progeny plants of heterozygous ‘HCL3-3’ and 
‘HCL3-6’ were genotyped with RM7000 and RM3719 markers and four heterozygous 
recombinants were selected.  Selfed progeny of four selected plants were analyzed with 
six SNP markers (qLTB3-1, qLTB3-2, qLTB3-4, qLTB3-7, NLSNP3-12 and C11223) by 
allele-specific hybridization with streptavidin-coated magnetic beads and two types of 
homozygous recombinants were confirmed.  Recombination breakpoints of the selected 
recombinants, i.e., ‘543-3’ and ‘671-74’, were identified as being between qLTB 3-1 and 
RM3719 markers and between qLTB3-4 and NLSNP3-12 markers, respectively (Fig. 
11A).  In a cold-tolerance test performed in 2013, ‘543-3’ and ‘671-74’ had 81.8% and 
82.0% fertility, whereas ‘Hitomebore’ had 74.2%, and both ‘543-3’ and ‘671-74’ lines 
showed significantly higher fertility than that of ‘Hitomebore’ at the 1% level.  These 
results indicate that the QTL for cold tolerance at the booting stage can be delimited to a 
region of about 0.8 Mb between NLSNP3-12 and RM7000 markers (Fig. 11B).  
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Fig 11. Graphical genotypes and cold tolerance of the homozygous recombinant lines 
‘671-74’ and ‘543-3’.  (A) HM: ‘Hitomebore’. Black boxes and white boxes indicate 
homozygous regions for ‘Lijiangxintuanheigu’ alleles and ‘Hitomebore’ alleles, 
respectively.  Grey boxes indicate a heterozygous region of ‘HCL3-hetero’. (B) Seed 
fertility of the recombinant lines under cold water irrigation in 2013.  The same letter 
in the graph means that there was no significant difference at P<0.01 (Tukey’s test). 
 48 
To shorten the QTL region, further 1,728 plants from the same ‘HCL3-3’ and 
‘HCL3-6’ lines were genotyped using qLTB3-1 and qLTB3-7 SNP markers by  
dot-blot-SNP analysis.  A total of ten lines having recombination in the QTL region 
were selfed and four types of homozygous recombinants were identified by 
allele-specific hybridization with streptavidin-coated magnetic beads using four SNP 
markers (Fig. 12A).  QTL regions derived from ‘Lijiangxintuanheigu’ in ‘540-30’, 
‘539-89’, ‘594-184’ and ‘666-214’ were between C11223 and RM7000, between 
qLTB3-4 and RM7000, between RM3719 and qLTB3-7 and between RM3719 and 
qLTB3-4, respectively.  In a cold tolerance test of homozygous lines performed in 2014, 
‘543-30’ and ‘539-89’ showed 28.8% and 36.1% seed fertility, which were significantly 
higher than that of ‘Hitomebore’, i.e., 14.1%, and not significantly lower than that of 
‘Ukei840’, i.e., 41.1%.  On the other hand, ‘594-184’ and ‘666-214’ lines showed low 
seed fertility, i.e., 8.9% and 20.1%, comparable to that of ‘Hitomebore’ (Fig. 12B).  
The lower seed fertility of ‘Hitomebore’ in 2014 than that in 2013 is considered to be 
due to 0.3˚C lower water temperature in the cold tolerance test in 2014.  These results 
enabled narrowing down of the QTL region to ca. 285 kb between the C11223 and 
RM7000 markers.  The cold tolerance evaluation test was repeated again using 
‘543-30’, ‘Hitomebore’ and ‘Ukei840’ in 2015.  In this test, seed fertility of ‘543-30’ 




Fig. 12. Graphical genotypes and cold tolerance of the homozygous recombinant lines ‘543-30’, 
‘539-89’, ‘594-184’ and ‘666-214’.  (A) ‘Hitomebore’ and ‘Ukei840’ were used as controls. 
Black boxes and white boxes indicate homozygous regions for ‘Lijiangxintuanheigu’ alleles and 
‘Hitomebore’ alleles, respectively.  Grey boxes indicate a heterozygous region of 
‘HCL3-hetero’. (B) Seed fertility of the recombinant lines under cold water irrigation 
treatment in 2014.  The same letter in the graph means that there was no significant difference 
at P < 0.01 (Tukey’s test). 
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was comparable to that of ‘Ukei840’, i.e., 82.1% (Fig. 13).  This result confirmed the 
higher cold tolerance of ‘543-30’ than that of ‘Hitomebore’.  
 
3.3.2. Morphological investigation  
The number of pollen grains is directly related to anther length (Oka and 
Morishima 1967, Suzuki 1981).  Cold-tolerant varieties have larger anthers and 
produce a larger number of pollen grains than those of sensitive varieties (Satake and 
Shibata 1992).  On the other hand, low temperature during the booting stage affects 
pollen grain maturation, reducing pollen fertility as a result.  To determine whether 
there was a similar function in my recombinant lines, the anther size and the number of 
pollen grains were observed in ‘540-30’ and ‘Hitomebore’.  However, differences of 
the anther size and the number of pollen grains between the lines were not found to be 
significant (Fig.14A, B).  This result indicates that a cold-tolerance gene in ‘540-30’ is 
not responsible for the anther size.  
Since plant height and heading dates may influence the seed fertility of plants 
treated by the cold-deep-water irrigation method, these traits of the recombinant lines 
used for the cold tolerance test were observed.  Culm lengths of ‘Ukei840’, ‘543-30’ 










Fig. 13. Seed fertility of ‘Ukei840’, ‘Hitomebore’ and ‘543-30’ under cold water 
irrigation in 2015.  The same letter in the graph means that there was no significant 















Fig. 14. Anther length (A) and number of pollen grains (B) of ‘Hitomebore’ and 
‘543-30’, which were grown under normal growth condition.  The same letter in the 








in 2015 (Fig. 15A).  Only ‘Ukei840’ showed significantly longer culm length than that 
of ‘Hitomebore’.  Young panicle length and young culm length at the booting stage 
were also measured in ‘543-30’, ‘Hitomebore’ and ‘Ukei840’.  Young panicle length 
of ‘543-30’ was 45.8 mm, which was comparable to that of ‘Hitomebore’, i.e., 36.3 mm, 
while significantly shorter than that of ‘Ukei840’, i.e., 118.6 mm (Fig. 15B). Young 
culm lengths of ‘543-30’, ‘Hitomebore’ and ‘Ukei840’ were 175 mm, 135.4 mm and 
222.7 mm, respectively.  Young culm length of ‘Ukei840’ was also significantly 
longer than those of ‘543-30’ and ‘Hitomebore’ at the 5% and 1% level, respectively 
(Fig. 15).  Heading date of ‘543-3’ was two days later than that of ‘Hitomebore’ in 
2013, but it was not different for ‘671-74’.  Heading date of ‘543-30’ was three days 
later than that of ‘Hitomebore’ in 2015.  
 
3.3.3. Delimitation of the QTL region by nucleotide sequence analysis of ’543-30’ 
The nucleotide sequence of ‘Ukei840’, which was determined by Shirasawa et 
al. (2012), was compared with the ‘Nipponbare’ reference sequence and published 
gonome sequences of ‘Hitomebore’. There are no differences in the region from SqM_5 
and SqM_11 markers.  There are 36 genes between the C11223 and RM7000 markers 
according to the published ‘Nipponbare’ genome sequence (The Rice Annotation 









Fig. 15.  Culm length (A), young panicle length (B) and young culm length (C) of the 
‘Ukei840’, ‘Hitomebore’ and ‘543-30’.  The same letter in the graph means that there 







In order to identify a recombination breakpoint in the delimited region of 
‘543-30’, 11 SNP markers named SqM_1 to SqM_11 were developed (Fig. 16 and 
Table 7).  Sequencing analyses of PCR product of all the markers were performed 
using ‘543-30’, ‘594-184’ and ‘Hitomebore’ (Fig. 16).  Comparison of nucleotide 
sequences with the published ‘Nipponbare’ sequence revealed that the QTL region 
derived from ‘Lijiangxintuanheigu’ in ‘543-30’ can be delimited to a region of ca. 35 kb 
between the SqM_6 and SqM_10 markers, which contains nine SNPs, since there are 
no SNPs between SqM_5 and SqM_6 or SqM_10 and SqM_11 (Fig. 17).  
 
3.3.4. Analysis of genes in the delimited QTL region 
Out of the nine identified SNPs in the 35-kb region, two were in the coding 
region of LOC-Os03g59190, and one was in the coding region of Os03g0806700 
(LOC-Os03g59200 in RAP-DB) (Fig. 17).  The other six SNPs occurred in intergenic 
regions of the genome.  The SNP at the position of 33704875 (C to T) in the coding 
region of LOC-Os03g59190 was synonymous nucleotide change, encoding the same 
proline in ‘Nipponbare’ and ‘Ukei840’, but the SNP at the 33705755 position (G to A) 
in LOC_Os03g59190 was a variation causing amino acid substitution from valine to 
methionine in ‘Ukei840’ (Table 8). A database search revealed that the valine residue at 
this position is conserved in many rice cultivars/lines and other plant species (Fig. 18), 
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name Gene name Primer sequence Position 
SqM_1 Os03g0803900 F: ACTGGCCCAGAACAATACCA 33548254 
  R: GGCCTACAATTTGTGAAGCTG  
SqM_2 Os03g0804500 F: TCCAGTACAACCCTGGGAAC 33587097 
  R: GCGGATGAGACGTCAGTGT  
SqM_3 Os03g0805200-300 F: GCCGAACACACCCTGTAAAT 33621609 
  R: AGCCGCCTTTAGGATGAGTT  
SqM_4 Os03g0805800 F: TGTCCATGCATTGTGACAGA 33652689 
  R: GAATTGTGAATCTGCCACCA  
SqM_5 Os03g0806400 F: TTTTAGGCAGTCACAGCTCA 33689816 
  R: CAGGCCTGACAACAAAGGTT  
SqM_6 LOC_Os03g59190 _pro F: GAGCAGGACGAAGTGGAAGA 33702313 
  R: TACCAACAGCAAGCAACAGC  
SqM_7 Os03g0806700_pro F: TAGATGAGGAAGGGTGAGC 33707319 
  R: CGACTCACCACACGAGAGAG  
SqM_8 Os03g0806700 F: GTGAAGCGTCTGGCTTGGAAAT 33713083 
  R: CGAGAAACCAAGACCCTGCAAC  
SqM_9 interOs03g0807100-200(1) F: GAAATTTTGGGCCATTCTGA 33735721 
  R: GATGAGGCTAAGCCCTTGTTT  
SqM_10 interOs03g0807100-200(2) F: CTCCCCACAAAATGCTCAAT 33737410 
  R: AAGGTCAAACAACTCTGCGAA  
SqM_11 Os03g0807400 F: CTTGCAGCTGAAATGCTCCT 33746802 








Fig. 16. Genotyping of the cold tolerant lines ‘543-30’ and ‘594-184’ by sequencing 












Fig. 17. SNPs in the delimited region identified by sequencing analysis.   










Table 8. Amino acid substitution caused by SNPs between ‘Hitomebore’ and ‘Ukei840’ 
Gene name Position Amino acid Annotation 
Hitomebore Ukei840 




Os03g0806700 33713083 Leu Ser Protein of unknown 








Fig. 18. Gene structure and the deduced amino-acid sequences of LOC-Os03g59190 in ‘Hitomebore’, ’Ukei840’ and other plants.  Black 
boxes indicate exons. 
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and that the methionine residue is specific to ‘Ukei840’. These observations may 
suggest that LOC-Os03g59190 is a candidate for the cold-tolerance gene of ‘Ukei840’ 
derived from ‘Lijiangxintuanheigu’.  However, LOC-Os03g59190 encodes a 
gag-pol-related retrotransposon protein and belongs to rn_16_305-type retrotransposons, 
eight copies of which are present in the ‘Nipponbare’ genome sequence.  At the both 
sides of LOC-Os03g59190, from 33702009 to 33702126 and from 33707147 to 
33707264, long terminal repeats of 118 bp corresponding to the rn_16_305-type 
retrotransposons were found. 
The SNP detected in the coding region of Os03g0806700 was a variation causing a 
difference between leucine in ‘Nipponbare’ and ‘Hitomebore’ and serine in ‘Ukei840’ 
(Table 8).  Since the database search of the sequence of Os03g0806700 revealed Indica 
cultivar ‘RP Bio-226’ sequenced by Reddy and Ulaganathan (2015) to have the same 
nucleotide sequence at the SNP position as that of ‘Ukei840’, the SNP in the coding 
regions of Os03g0806700 was analyzed using two Indica cultivars, i.e., ‘Kasalath’ and 
‘Basmati’, and four Oryza rufipogon lines, i.e., ‘W0120’, ‘W180’, ‘W1294’ and 
‘W1807’ (Table 9).  The two Indica cultivars and all the O. rufipogon lines had the 
same cytosine as that of ‘Ukei840’, indicating that serine at this position is not specific 
to ‘Ukei840’ and ‘Lijiangxintuanheigu’.  Since ‘Kasalath’ and ‘Basmati’ are not known  
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Table 9. SNPs in the delimited region     
Cultivars 
Positons on Chr. 3 (bp) in International Rice Genome Sequencing Project ver. 
1.0 of cv. 'Nipponbare' 
 33702313 33707319 33713083 33722634 33735721 33737410 
Ukei840 G A C A A T 
Nipponbare A G T C G G 
Hitomebore 
a
 A G T C G G 
Koshihikari 
b
 A G T C G G 
RP Bio-226 
c
  G G C C G G 
Kasalath G ー
e
 C C G T 
Basmati G ー
e















 C A G T 
a, GenBank accession no. DD000055.1 
b, GenBank accession no. DD000027.1 
c, GenBank accession no. CP012611 
d, Wild rice lines (Oryza rufipogon) are listed on the 'Oryzabase'  (http://www.shigen.nig.ac.jp/rice/oryzabase/) 




as a source of cold tolerance at the booting stage, Os03g0806700 may not function as 
the cold-tolerance gene of ‘Ukei840’ and ‘Lijiangxintuanheigu’. 
Since the SNPs in the coding regions of genes may not be responsible for the 
difference of cold tolerance, gene expression of Os03g0806700, Os03g0806800, 
Os03g0806900, Os03g0807000 and Os03g0807100 was analyzed using spikelets at the 
booting stage and compared ‘Ukei840’ with ‘Hitomebore’, which were grown in the 
cold-deep-water and under normal growing conditions in a green house.  No 
significant difference between ‘Ukei840’ and ‘Hitomebore’ was observed under normal 
and cold water treated conditions in the analyzed genes (Fig. 19). Transcription of 
LOC-Os03g59190 was not investigated because of the presence of many copies in the 
rice genome. 
The presence of noncoding RNA sequences in the 35-kb region was investigated 
using Rice Genome Annotation Project Rice Genome Browser.  Interestingly, five 
small RNA sequences, i.e., smRNA62586, smRNA108824, smRNA115748, 
smRNA22066 and smRNA41002, were found to be annotated at the position covering 
one SNP at 33735721 (http://rice.plantbiology.msu.edu/cgi-bin/gbrowse/rice/#search) 
(Fig.20).  The nucleotide at 33735721 was adenine in ‘Ukei840’, whereas it was 
guanine in ‘Nipponbare’, ‘Hitomebore’, three Indica cultivars and four O. rufipogon 
lines, indicating that the variation at 33735721 is specific to ‘Ukei840’ and.  
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Fig. 19. Expression of five genes located in the delimited candidate region in 





Fig. 20. SNP position of 33735721 at the small RNA in the intergenic region.  Black 
boxes indicate Os03g0807100 and Os03g0807200 genes, respectively.  Horizontal line 
indicates an intergenic region.  A black dot indicates the SNP identified in the 
intergenic region.  Each grey bar represents a specific RNA sequence.  Dotted 





‘Lijiangxintuanheigu’.  There were no other SNPs having the ‘Ukei840’-specific 
genotype in the delimited region 
 
3.4. Discussion  
Previously, Shirasawa et al. (2012) have identified and delimited the QTL for 
cold tolerance at booting stage from ‘Lijiangxintuanheigu’ in the long arm of 
chromosome 3 between RM7000 and RM3719 markers. In present study, I delimited 
the QTL for the cold tolerance at the booting stage into a ca. 35 kb region between the 
SeqM_5 and SeqM_10 markers by repeated cold tolerance tests and nucleotide 
sequencing (Fig. 17). Three of the nine SNPs within the delimited region were 
identified in the coding region of two genes, which are LOC_Os03g59190 and 
Os03g0806700. However, annotation analysis indicated that LOC_Os03g59190 is not 
responsible for cold tolerance at the booting stage. The allele of ‘Lijiangxintuanheigu’ 
of Os03g0806700 is not specific to ‘Lijiangxintuanheigu’, but commonly found in 
Indica cultivars. Additionally, the expression level of the genes in the narrowed region 
were not different between ‘Hitomebore’ and ‘Ukei840’ which were grown under 
cold-deep-water treated and normal conditions, suggesting that the five genes may not 
function in cold tolerance. A possibility of involvement of noncoding RNAs transcribed 
from this 35-kb region cannot be excluded. Interestingly, at a region covering the SNP 
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position of 33735721 which was specific in ‘Ukei840’, small RNA sequences have 
been annotated (http://rice.plantbiology.msu.edu/cgi-bin/gbrowse/rice/#search).  
Although many possible target genes, the expression of which can be controlled by 
these small RNAs, are listed in the database, most of them are of unknown functions 
and there is no stress-tolerance-related gene.  However, small RNAs including 
microRNAs have been reported to be involved in abiotic stress responses in plants 
(Phillips et al. 2007, Lu and Huang 2008).  In rice, many stress-regulated microRNAs 













Chapter 4. General Discussion  
In the present study, I developed NIL‘543-30’ having a region of ca. 35 kb 
derived from ‘Lijiangxintuanheigu’ with ‘Hitomebore’ genetic background by selection 
of recombinants and repeated SNP analyses and revealed ‘543-30’ to have significantly 
higher cold tolerance at the booting stage than that of ‘Hitomebore’.  This result 
enabled delimitation of the QTL for cold tolerance to a region between the SqM_6 and 
SqM_10 markers, which has nine SNPs between ‘Nipponbare’ (‘Hitomebore’) and 
‘Ukei840’ (Fig. 17).  
The most common morphologies of cold-tolerant varieties are larger anther 
and a larger number of pollen grains (Satake and Shibata 1992).  Morphological 
investigations executed using the developed ‘543-30’ and the recurrent parent 
‘Hitomebore’ showed that the cold tolerance gene in the delimited region is not 
responsible for the anther size and the number of pollen grains (Fig. 14A, B). Although 
seed fertility could depend on plant height and heading dates under cold-deep-water 
irrigation, the culm length and heading date of ‘543-30’ were not significantly different 
from those of ‘Hitomebore’, and young panicle length and young culm length at the 
booting stage were found to be comparable between ‘543-30’ and ‘Hitomebore’, 
whereas all these length traits of ‘Ukei840’ were significantly longer than those of 
‘Hitomebore’.  These results indicate that cold tolerance at the booting stage of 
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‘543-30’ was adequately evaluated by the cold-deep-water irrigation system as that of 
‘Hitomebore’ and alleles of ‘Lijiangxintuanheigu’ in the 35-kb region have no function 
in plant height and heading date.  
The delimited QTL region of about 35 kb contains six genes, the SNPs of 
which were identified in the 5’ upstream region and the coding region of 
LOC-Os03g59190, in coding region of Os03g0806700 and in the intergenic regions 
around Os03g0807100 and Os03g0807200. LOC-Os03g59190 encodes a 
gag-pol-related retrotransposon protein and is present between long terminal repeat 
sequences similar to the rn_16_305-type retrotransposons.  There were seven other 
homologous sequences in the rice genome, making it difficult to analyze transcripts of 
LOC-Os03g59190.  Since retrotransposon-like sequences have not been reported to 
have important physiological functions in plants, the possibility of involvement of this 
gene in cold tolerance is considered to be low.  Comparisons of the amino acid 
sequences of Os03g0806700 between different cultivars indicated that serine at the 
variation position in Os03g0806700 is not specific to ‘Lijiangxintuanheigu’ and that the 
same variation is found in cold-sensitive Indica cultivars, suggesting that 
Os03g0806700 may not have important function in cold tolerance. 
The most probable SNP related with cold tolerance at the booting stage in 
‘Lijiangxintuanheigu’ could be at the 33735721 position because of the annotated small 
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RNAs.  Small RNAs play important roles in plant responses to environmental stresses. 
Lv et al (2010) identified that there are some rice specific miRNAs (miR-1435, 
miR-1876, miR-1320, and miR-1884) which are impacted by cold stress.  Zhang et al. 
(2009) found seven more specific miRNAs (miR528, miR812, miR818, miR820, 
miR827 miR530 and miR535) in rice. Lu et al. (2008) confirmed that the target of 
miR1425 was a fertility restorer (Rf-1) gene which can increase cold tolerance at the 
booting stage in hybrid rice (Komori and Imaseki 2005), and expression of miR1425 
was down-regulated under cold condition. Gene expression data have supported this 
result (Jeong et al. 2011). 
Although I developed transgenic plants of a Tos17 line of Os03g0806700 with 
the ‘Ukei840’ allele and the ‘Hitomebore’ allele for functional analysis of 
Os03g0806700, I was unable to evaluate cold tolerance in an isolated greenhouse for 
genetically engineered plants.  It is not easy to perform a large-scale cold-tolerance 
test to obtain reliable results in such a greenhouse.   
At present, the cold-deep-water irrigation method (Matsunaga 2005) is the 
most reliable and widely used method for evaluation of cold tolerance of rice breeding 
lines.  In cold tolerance evaluation in a cold-deep-water irrigation field, lines 
developed by conventional crossing or mutation, not by genetic engineering, can be 
used. To identify the cold-tolerance gene in the 35-kb QTL region of 
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‘Lijiangxintuanheigu’ using this method, selection of fine recombinants is required for 
further delimitation of the QTL region.  Involvement of each SNP in the cold tolerance 
trait can be demonstrated by producing recombinants having a recombination 
breakpoint between the SNPs.  The function of the small RNA can be demonstrated by 
producing recombinants between 33735721 and 33722634 and between 33735721 and 
33737410.  In any case, production of a genuine isogenic line having a single SNP 
derived from a donor parent with genetic background of a recurrent parent is the most 
reliable way to identify environmental stress-tolerance genes in crop plants.  To produce 
such an isogenic line, a large number of plants should be genotyped using SNP markers.  
Dot-blot-SNP analysis, which is suitable for SNP genotyping of a large number of plants 





Shirasawa et al. (2012) have identified a QTL for cold tolerance at the booting 
stage of ‘Ukei840’, the cold tolerance of which is derived from one of the most tolerant 
cultivars, ‘Lijiangxintuanheigu’, in Yunnan province of China, in a 1.2-Mb region 
between RM7000 and RM3719 markers on chromosome 3.  RNAi lines were 
produced using four genes which were identified in a previously delimited region. A 
Tos17 insertion line in Os03g0806700 was complemented with the candidate gene by 
introducing cDNA of the Os03g0806700 gene of ‘Ukei840’ and ‘Hitomebore’. However, 
I was unable to evaluate cold tolerance in an isolated greenhouse for genetically 
engineered plants.  It is not easy to perform a large-scale cold-tolerance test to obtain 
reliable results in such a greenhouse.   
The previously identified 1.2 Mb QTL region was narrowed down to 35 kb by 
repeated SNP and sequencing analysis in this study. Nine SNPs were found within the 
narrowed region. Three of them were identified in coding region of the Os03g0806700 
and LOC_Os03g59190 genes. However, gene annotation and expression analysis 
revealed that these genes are not responsible for cold tolerance at the booting stage. 
Based on the annotated small RNAs around SNP position of 33735721, involvement of 
noncoding RNAs in cold tolerance during booting stage was inferred.   
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Supplementary materials 
Supplementary table 1. N6 medium ingredients (1000 ml) 
N6CI (Callus induction) N6 powder (Life Technologies) 4 g 
N6 vitamins (100×) 10 ml 
Myo-inositol (50 mg/l) 2 ml 
2,4-D (1 mg/l) 2 ml 
Casamino acid 300 mg 
Proline 2878 g 
Sucrose 30 g 
Gellan gum 2 g 
pH 5.8 
 N6 powder (Life Technologies) 4 g 
N6SE (Selection ) N6 vitamins (100×) 10 ml 
 Myo-inositol (50 mg/l) 2 ml 
 2,4-D (1 mg/l) 2 ml 
 Sucrose 30 g 
 Gellan gum 2 g 
 Kanamycin (50 mg/ml) 1 ml 
 Hygromycin (50 mg/ml) 1 ml 
   
 pH 5.8 
N6CO (co-cultivation) N6 powder (Life Technologies) 4 g 
N6 vitamins (100×) 10 ml 
Myo-inositol (50 mg/l) 2 ml 
2,4-D (1 mg/l) 2 ml 
Glucose 20 g 
Proline 2878 g 
Sucrose 60 g 
Acetosyringone 20 mg/l 
  
pH 5.4 
N6 vitamin (100×) Glycine 200 mg 
Nicotinic acid 50 mg 
Pyridoxine HCl 50 mg 
Thiamine HCl  100 mg 
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Supplementary table 2. AB medium ingredients (1000 ml) 
 






Kanamycin (50 mg/ml) 







AB salt K2HPO4 60 g 
NaH2PO4 2H2O 20 g 
pH 7.2 
AB buffer NH4Cl 20 g 
MgSO4 · 7H2O 6 g 
KCl 3 g 
CaCl2H2O 240 mg 











Supplementary table 3. MS medium ingredients (1000 ml) 
 
MSRE (Shoot regeneration) MS powder (Wako, Japan) 4 g 
MS vitamins (100×) 1 ml 
Sucrose 30 g 
Sorbitol 30 g 
Casamino acid 2 g 
NAA (1 mg/ml) 1 ml 
BAP (1 mg/ml) 2 ml 
Gellan gum 4 g 
Kanamycin (50 mg/ml) 1 ml 
Hygromycin (50 mg/ml) 1 ml 
pH 5.8 
MS powder (Wako, Japan) 
MS vitamins (100×) 
4 g 
1 ml 
MSHF (Rooting) Sucrose 30 g 
Agar 8 g 
Kanamycin (50 mg/ml) 1 ml 
Hygromycin (50 mg/ml) 1 ml 
 pH 5.8 
 
 
 
 
 
 
